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A b s t r a c t  
+ + +  Measurements of t h e  r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n s  of H e  , Ne , Ar , 
r ,  o', N', and N + w i t h  H 0  by t h e  f lowing  a f t e r g l o w  t e c h n i q u e  a t  296"K 2 2  
3 gave v a l u e s  of 0 .56,  0 .74,  1 . 4 3 ,  1.19,  2 . 3 3 ,  2.57, and 2.19 x  lo-' cm / s e c  w i t h  
Gtandard d e v i a t f b n  o f 7 : t b  15%..: ,. They are i n  good agreement w i t h  ex t rapo-  
+ l a t e d  beam r e s u l t s  f o r  ~ r + ,  o', N', and N 2  . Close agreement is  a l s o  found 
+ + f o r  a l l  b u t  He and Ne w i t h  estimates based on c l a s s i c a l  t r a j e c t o r y  ca lcu-  
l a t i o n s  f o r  similar i o n  p l u s  d i p o l e  sys tems.  
I. I n t r o d u c t i o n  
Rapid p r o g r e s s  h a s  r e c e n t l y  been  made i n  t h e  measurement of i o n - n e u t r a l  
r e a c t i o n  r a t e s ,  e s p e c i a l l y  a t  low e n e r g i e s ,  u t i l i z i n g  s t e a d y - s t a t e  f low 
t e c h n i q u e s ,  as a p p l i e d  t o  t h e s e  r e a c t i o n s  w i t h  p a r t i c u l a r  s u c c e s s  by Fer-  
guson and c o w o r k e r s l y 2  a t  ESSA. Such d a t a  are needed f o r  a n  u n d e r s t a n d i n g  
of normal o r  p e r t u r b e d  p l a n e t a r y  i o n o s p h e r e s ,  they  may f i n d  a p p l i c a t i o n  i n  
chemi- ion iza t ion  connected w i t h  combustion p r o c e s s e s ,  and t h e i r  c o l l e c t i o n  
and i n t e r p r e t a t i o n  r e p r e s e n t s  a major  advance i n  one of t h e  las t  unexplored 
areas i n  the f i e l d  s f  chemical  t r a n s f o r m a t i o n  of s i m p l e  species, 
I n  t h i s  p a p e r s  we r e p o r t  r a t e  cons t an t s  f o r  t h e  r eac t ions  of one mole- 
c u l a r  and six atomic ions  wi th  H O us ing  the  f l o ~ q i n g  af terglow technique 2 
and making s u r e  t h a t  H 0 concent ra t ions  are measured wi th  s u f f i c i e n t  accur- 2 
acy (2<5%) even though these  c m c e n t r a t i o n s  a r e  i n  t h e  range 10" t o  10 13 
-3 
cm i n  t h e  flow tube.  This  has  been a  s e r i o u s  impediment t o  such s t u d i e s  
i n  t h e  p a s t  and accounts  f o r  the  pauc i ty  of q u a n t i t a t i v e  d a t a  f o r  r e a c t i o n s  
involv ing  water  vapor .  The ex tens ion  of t h e  p re sen t  work t o  i nc lude  i o n  
c l u s t e r  formation and r e a c t i o n  r a t e  cons t an t s  f o r  aeronomically important  
4- C ions  such a s  0 , NO', and H 0 is  now under way. These c l u s t e r e d  i o n s  have 2 3 
been i d e n t i f i e d  a s  major spec i e s  i n  t he  D-region of t h e  ionosphere i n  sound- 
ing  rocke t  experiments5, and have a l s o  been s tud ied  i n  l abo ra to ry  exper i -  
m e n t ~ ~ ' ~ .  The o v e r a l l  bimolecular r a t e  cons t an t s  repor ted  he re  r ep re sen t  
pure charge- t ransfer  i n  t h r e e  cases  and charge- t ransfer  p lus  one o r  more 
rearrangement processes  i n  t he  o the r  f o u r ,  Although a  s u f f i c i e n t l y  d e t a i l e d  
theory of t h e  c o l l i s i o n a l  i n t e r a c t i o n  of i ons  wi th  non-linear molecules hav- 
i ng  l a r g e  d ipo le  moments is not  y e t  a v a i l a b l e ,  i t  is of i n t e r e s t  t o  compare 
t h e  p r e s e n t  r e s u l t s  wi th  c a l c u l a t i o n s  based on some simple models, 
11. Experimental 
The appara tus  i s  shown schemat ica l ly  i n  F ig .  1, Severa l  modi f ica t ions  
of a  prev ious ly  descr ibed  version6 w i l l  be  d iscussed  i n  t h i s  s e c t i o n .  
The helium c a r r i e r  gas  (80 t o  360 s t d  cc /sec)  e n t e r s , t h e  r e a c t i o n  tube 
through rhe  off  a x i s  branch of a 3 i n .  i . d .  Pyrex Y (Corning d r a i n l i n e )  
sealed onto the  t u b e .  This  prevents  uv r a d i a t i o n  f rom the  ion  source from 
producing ions  o r  exc i t ed  spec i e s  i n  t h e  r e a c t i o n  zone and f a c i l i t a t e s  t h e  
addition n i  reactanrs or arher  precursor  gases  a t  var iable  p o s i % i o n s ,  
Primary ions  can be produced efther ins microwave d ischarge  o r  by e l ec -  
t r o n  impact,  The l a t t e r  method was used exclus ive ly  i.n t h i s  work. The 
i o n i z e r  c o n s i s t s  of a 0.5 i n .  length of co i led  0.005 i n ,  diam, thoria-coated 
i r idiutn wi re  mounted on-axis i n  t he  sidearm of  the  Y tube,  The i r id ium f i l a -  
ment i s  s u r r ~ u n d e d  a t  a d i s t a n c e  of 5  mm by a  c y l i n d r i c a l  g r i d  which is main- 
ta ined  a t  ground po ten tka l  and t h e  ion iz ing  e l e c t r o n s  a r e  acce l e ra t ed  by op- 
e r a t i n g  t h e  f i lament  a t  a nega t ive  p o t e n t i a l  between 30 and 110 v o l t s .  The 
e l e c t r o n s  a r e  co l l ec t ed  on a  concen t r i c ,  gold-plated b r a s s  cy l inde r  mounted 
snugly i n  t he  tube. The i o n i z e r  is  powered by a  r egu la t ed  supply (Extranu- 
c l e a r  &abora to r i e s  Elec t ron  Energy and Emission Cont ro l ,  Type 11) operated 
i n  t he  cons tan t  emission cu r ren t  mode. The emission c u r r e n t ,  v a r i a b l e  from 
0 t o  20 ma, is  normally 1 ma. Reactant  ions  can be formed by adding gases  
be fo re  o r  af t e r  t h e  i o n i z e r .  
The r e a c t i o n  tube p re s su re  is  measured by a p re s su re  t ransducer  (Pace 
Engineering Co. Model P7D, k0.1 p . s . i .  and Model CD25 I n d i c a t o r )  c a l i b r a t e d  
wi th  a  McLeod gauge. Pressure  measurements were co r r ec t ed ,  when necessary,  
f o r  t h e  p re s su re  drop along the  flow tube and r ep resen t  an average p re s su re  
i n  the  r e a c t i o n  zone. 
A t  t h e  downstream end of t he  r e a c t i o n  tube the  i o n s  pas s  through t h e  
on-axis sampling o r i f i c e  a t  t he  t i p  of one of t h r e e  in te rchangeable  molyb- 
denum cones 0.5 i n .  dham. a t  t he  base ,  These cones have o r i f i c e s  of 0.18, 
0.31, and 0.65 mm diam.; t h e  0 .31  mm cone was used i n  t h i s  work. The cone 
assembly i s  e l e c t r i c a l l y  i n s u l a t e d  from ground and can be he ld  a t  any de- 
s i r e d  p o t e n t i a l .  I n  t he  p re sen t  work, a l l  sampling was done a t  ground 
potential . 
Mass d i sc r imina t ion  of the  ions  sampled from the  plasma can occur a t  
the sampling o r i f i c e ,  i n  the ion  accelerating and focus ing  s y s t e m ,  i n  the  
quadrugole mass f i l t e r ,  and a t  the  e l e c t r o n  m u l t i p l i e r .  However, mass d i s -  
c r imina t ion  does n o t  a f f e c t  t h e  measurement s f  t he  rate cons t an t s  reported 
he re  s i n c e  only the  pa ren t  ion  c u r r e n t  is involved i n  t he  c a l c u l a t i o n s .  
Precursor  o r  r e a c t a n t  gases  can be added a t  v a r i a b l e  p o s i t i o n s  i n  t h e  
r e a c t i o n  tube through e i t h e r  of two movable i n j e c t o r s  cons i s t i ng  of m u l t i -  
pe r fo ra t ed  r i n g s  of t e f l o n  tubing a t t ached  t o  t h e  ends of s t a i n l e s s  s t e e l  
tubes.  The n e u t r a l  r e a c t a n t ,  water  vapor,  i s  added through t h e  downstream 
i n j e c t o r  which is  movable over a d i s t a n c e  of 70 cm. The d i s t a n c e  between 
t h e  sampling o r i f i c e  and t h i s  i n j e c t o r  de f ines  t h e  r e a c t i o n  zone and is 
measured accu ra t e ly  on an e x t e r n a l  s c a l e  n o t  shown i n  the  diagram, The 
t e f l o n  r i n g  provides a p l ana r  source of added r e a c t a n t  i n  t h e  flow tube,  
an a d d i t i o n  mode which is  p r e f e r a b l e  over t h e  usua l  f i xed  po in t  sources  
both f o r  s i m p l i f i c a t i o n  of flow a n a l y s i s  and f o r  ea se  of doing experiments 
a t  v a r i a b l e  d i s t a n c e  of added r e a c t a n t .  P l a n a r i t y  was checked by adding 
some NO through the  i n j e c t o r  t o  a stream of helium conta in ing  N o r  0 atoms 
produced i n  t h e  microwave d ischarge  cav i ty  and by observing t h e  s p a t i a l  
d i s t r i b u t i o n  of t he  l i g h t  from t h e  chemiluminescent 0 4- NO ( a i r  a f te rg low)  
recombination. 
The source  of added water vapor is  a f l a s k  conta in ing  l i q u i d  water  i n  
equi l ibr ium wi th  i t s  vapor at a temperature p r e s e t  i n  t h e  range 70' t o  9 5 O C  
t o  w i t h i n  f O . 1 '  by a thermoregulatog, The water  flow r a t e  i s  con t ro l l ed  by 
t h e  temperature s e t t i n g  and by a s t a i n l e s s  s t e e l  needle  va lve .  The arm of 
the  f l a s k  up t o  and inc luding  the  needle  va lve  i s  heated t o  about 100°C t o  
prevent  condensation. The water vapor flow i s  then mixed with a flow of 
helium (0.1 t o  0.5 s t d  cc/sec)  which is  measured with a c a l i b r a t e d  flow- 
meter (Brooks Sho-rate f l o a t i n g  b a l l  t y p e ) ,  Af t e r  mixing, t h e  He-H20 
mix ture  i s  passed through a 3 i n ,  see t ion  of copper pipe (1,5 in. i ,d,) 
where the t o t a l  p r e s su re  i s  measured by a p r e s s u r e  t ransducer  (Pace Engi-  
neer ing  Go. Model BSD, +0,2 p , s , i ,  and Model CD25 I n d i c a t o r )  and the  p a r t i a l  
p re s su re  of water  i s  measured wi th  a hygrometer (Panametrics Model 1000) 
which i s  s e n s i t i v e  only t o  water  vapor and i s  capable of measuring p a r t i a l  
p re s su re s  over a wide range t o  10 t o r r ) .  However, t h e  hygrometer was 
found t o  have two opera t ing  d i f f i c u l t i e s :  (1) a very slow time response 
(about  20 min,) a t  water vapor p re s su re s  l e s s  than about 0 . 1  t o r r  and (2) 
a c a l i b r a t i o n  which was somewhat u n r e l i a b l e  over an  extended per iod  of time. 
The l a t t e r  problem manifested i t s e l f  a s  a p a r a l l e l  displacement of t h e  c a l i -  
b r a t i o n  curve depending on the  preceding h i s t o r y  of t h e  probe environment. 
It was t h e r e f o r e  p r e f e r a b l e  t o  r e c a l i b r a t e  two o r  t h r e e  p o i n t s  each day and 
hence a s s u r e  an accu ra t e  c a l i b r a t i o n  by d i r e c t  measurement of pure H20 i n  
t h e  c e l l  us ing  both t h e  hygrometer and the  p re s su re  t ransducer .  Moreover, 
t h i s  c a l i b r a t i o n  was f u r t h e r  checked at  s e v e r a l  p o i n t s  under t y p i c a l  oper- 
a t i n g  condi t ions  by pass ing  the  H20-He mixture through a sma l l  t r a p  immersed 
i n  l i q u i d  N 2  and weighing t h e  water  co l l ec t ed  over a known l eng th  of time. 
The two methods agree  t o  w i t h i n  about k3% and H 0 concent ra t ions  a r e  prob- 2 
ably  a c c u r a t e  t o  w i th in  5%. 
The flow of water ,  FH O ,  is ca l cu la t ed  from the  known helium flow, FHe, 
2 
t h e  t o t a l  p re s su re  i n  t he  measuring c e l l ,  P,  and t h e  p a r t i a l  p re s su re  of 
water vapor i n  t h e  measuring c e l l ,  
' ~ ~ 0  ' by the  r e l a t i o n  
The Be-H 0 mixture  is  then added t o  the  r eac t ion  tube  through the  downstream 2 
movable i n j e c t o r ,  
Son c u r r e n t s  and the H 2 8  p a r t i a l  pressure are recorded s inul taneousLy 
on a dua l  pen s t r i p  c h a r t  recorder  (Texas Instruments  Model P5Q2W6AIe 
111, Data Analysis  
The d a t a  a n a l y s i s  f o r  ion-molecule f low systems has been d iscussed  i n  
d e t a i l  elsewhere 197-9. The a n a l y s i s  used he re  i s  i d e n t i c a l  t o  t h a t  der ived  
by Huggins and cahn7 which is i n  e x c e l l e n t  agreement wi th  the  r e s u l t s  pre- 
. l  
sented  by Ferguson e t  a l ' ,  
For t he  r e a c t i o n  
+ k P + H20 -+ products  
a  reasonable model of t h e  flowing af te rg low system requ i r e s  a  s o l u t i o n  of 
t h e  equat ion  
where 7 is  t h e  average s t ream v e l o c i t y ,  r t h e  r a d i a l  d i s t ance  from t h e  tube 
a x i s ,  R t h e  tube r a d i u s ,  z t h e  a x i a l  coord ina te ,  and DP+ t h e  ambipolar d i f f u -  
+ 
s i o n  c o e f f i c i e n t  of P . Equation (1) incorpora tes  t h e  fol lowing major assump- 
t i ons :  (1) laminar flaw e x i s t s  i n  t h e  tube,  (2) a x i a l  d i f f u s i o n  of t h e  ions  
is neglec ted ,  (3) volume recombination of t h e  ions  i s  an unimportant l o s s  
4- 
mechanism, (4)  source terms of P a r e  i n s i g n i f i c a n t  i n  t h e  r e a c t i o n  zone, 
(5) t he  concent ra t ion  of added H 0 i s  r a d i a l l y  uniform, and (6) t he  r e a c t i o n  2 
zone begins s u f f i c i e n t l y  f a r  downstream t h a t  only t h e  lowest d i f f u s i o n  mode 
3 
needs t o  be cons idered*  The s o l u t i o n  of &he e q u a t i o n  employs a v a r i a t i o n a l  
6 
t echn ique  and leads, in geed approximation, t o  the simple r e l a t i o n  
where C i s  a cons tan t  and a i s  a c o r r e c t i o n  f a c t o r .  A simple one-dimensional 
t rea tment  neg lec t ing  d i f f u s i o n  y i e l d s  a s i m i l a r  r e s u l t  wi th  a c 1 and thus 
one m u l t i p l i e s  t he  apparent  r a t e  cons tan t  obtained from t h e  s imples t  model by 
a. Huggins and cahn7 obtained a = 1.59. More r e c e n t l y ,  Bolden e t  a l e 8  took 
i n t o  account s l i p  flow a t  t he  w a l l  of t he  r e a c t i o n  tube,  i . e .  a modi f ica t ion  
of approximation ( I ) ,  which a t  t h e  lowest pressures  (0.2 t o r s )  l eads  t o  a 
decrease  i n  a of about 4%. I f  a x i a l  d i f f u s i o n  were taken i n t o  account t h i s  
would tend t o  i nc rease  a ,  A simple one-dimensional t rea tment  of a x i a l  d i f -  
-2 10 f u s i o n  ignor ing  t h e  v e l o c i t y  p r o f i l e  produces a co r r ec t ion  of ~ ' D ~ + / V  
where k '  i s  the  pseudo f i r s t  o rder  r a t e  cons tan t  ca l cu la t ed  from the  loga- 
r i t h m i c  concent ra t ion  decrease.  S u b s t i t u t i o n  of t y p i c a l  va lues  produces an 
i n c r e a s e  i n  a of about 2 - 6%. Thus, neg lec t ing  both s l i p  flow and a x i a l  
d i f f u s i o n  a s  was done i n  t he  e a r l i e r  d e r i v a t i o n s  of Huggins and cahn7 and of 
~ a r r a ~ h e r '  w i l l  no t  produce a s i g n i f i c a n t  e r r o r  a s  t h e s e  e f f e c t s  tend t o  can- 
c e l ,  and a va lue  of a = 1.59 was ' therefore  used i n  t h i s  work. 
4- The r a t e  cons t an t s  can thus be  obtained by p l o t t i n g  log  [P  ] e i t h e r  v s .  
z a t  cons tan t  F o r  v s .  
F ~ 2 0  a t  cons tan t  z .  Good agreement was obtained H2° 
us ing  t h e s e  two techniques.  
ZV. Resul t s  
T y p i c a l  p l a t s  af t h e  decay of the  parent  ion ,  AX', as a func t ion  a£ t h e  
in j ec tox  position at constanE M O concentration are shown i n  P i g .  2, and as 2 
a func t ion  of W O concent ra t ion  a t  cons tan t  i n j e c t o r  p o s i t i o n  i n  P i g ,  3 ,  2 
The problem of c o l l e c t i n g  data by varying t h e  W 2 0  concent ra t ion  Ls ev ident  
i n  P ig ,  3 where t h e  s c a t t e r  of t h e  p o i n t s  a long  the  l i n e  i s  due t o  d r i f t s  
occurr ing  during the  long time requi red  t o  ob ta in  each hygrometer reading .  
Measurements made by moving t h e  i n j e c t o r  o r  by varying the  H 0 concent ra t ion  2 
y ie lded  equal  r a t e  cons tan ts  w i th in  experimental  s c a t t e r  i n  a l l  cases ,  b u t  
because of its g r e a t e r  speed and r e l i a b i l i t y ,  t h e  former method was used 
f o r  c o l l e c t i n g  most of t he  da t a .  
+ I n  a l l  of t h e  r e a c t i o n s  s tud ied ,  H20 i s  a primary product i on  and i n  
some cases  PH' (P' = pa ren t  ion)  and OH+ a r e  primary products  a s  w e l l .  
These primary product i ons  r e a c t  r ap id ly  wi th  H20. For example, f o r  t he  
charge t r a n s f e r  product ,  H~o', t h e  r e a c t i o n  
has a  rate cons tan t  of about 1 .7 x l o m 9  cc/sec5'11. Hydronium ion  is a l s o  
+ produced by the  r ap id  proton t r a n s f e r  r e a c t i o n s  of OH+ and PH wi th  H20 and 
thus  always appears  a s  t h e  dominant ion  product a f t e r  t h e  parent  i ons  have 
r eac t ed  t o  completion. Fur ther  i nc rease  i n  water concent ra t ion  r e s u l t s  i n  
C + 
t h e  appearance of water c l u s t e r  i ons  of t h e  type  H 0  (H20),. With He and 3 
+ Ne t h e r e  a r e  a t  l e a s t  7 and 5 e n e r g e t i c a l l y  a c c e s s i b l e  r e a c t i o n  branches,  
r e s p e c t i v e l y ,  and F ig ,  4 shows an experiment i n  which a l l  of t h e  ions  were 
+ 
monitored f o r  t h e  r eac t ion  of He wi th  H20. I n  t h i s  example t h e  H20 con- 
c e n t r a t i o n  was low (% 6 x 1011 moleculeslcc)  so  t h a t  reasonable concentra- 
t i o n s  of primary product i ons  could be seen.  The ion  c u r r e n t s  a t  z = 0 
a r e  the  background s i g n a l s  obtained when no water  is  added through t h e  mov- 
a b l e  i n j e c t o r  and the  dashed curves between z = Q and z = 16 cm a r e  i n t e r -  
p o l a t e d ,  as n s  measurements were made f o r  z < 16 cm, 
No at tempt  was made t o  ob ta in  q u a n t i t a t i v e  branching r a t i o s  f o r  those  
r e a c t i o n s  wi th  more than one e n e r g e t i c a l l y  poss ib l e  channel ,  Such r a t i o s  
could be  obtained from the  a x i a l  p r o f i l e s  of t he  primary product ions  only 
i f  t he  r a t e  cons t an t s  f o r  t h e i r  r e a c t i o n s  wi th  N 0 were a c t u a l l y  known, b u t  2 
such i s  not  t h e  case  f o r  the  proton t r a n s f e r  r eac t ions .  A s  can be seen from 
C Fig .  4, moderate amounts (5 t o  10% of [P  I )  of product i ons  a r e  present  i n  
t h e  system even i n  t h e  absence of added H20. These ions  a r e  formed by t h e  
r e a c t i o n  of t he  parent  ion  with water  vapor from the  s u r f a c e s  of the  system. 
C 9 f +  Small amounts of o the r  impurity i o n s  (N , N 2  , Ne , 0 ) a r e  a l s o  present ,  
a s  a r e  some metas tab le  exc i t ed  n e u t r a l  spec i e s  (He 2 3 ~ )  which r e a c t  with 
H 0 t o  produce t h e  same product i ons  formed i n  t h e  r e a c t i o n  being s tud ied .  2  
It should be s t r e s s e d ,  however, t h a t  t hese  complicat ions do not  a f f e c t  t h e  
r e s u l t s  r epo r t ed  he re  and lead t o  d i f f i c u l t y  only i n  t h e  determinat ion of 
branching r a t i o s .  
A summary of t h e  measured t o t a l  bimolecular  r a t e  cons t an t s  is  given i n  
Table I .  Each r a t e  cons tan t  r e p r e s e n t s  an average of a  number of experi-  
ments i n  which t h e  t o t a l  p re s su re  was va r i ed  from 0 .3  t o  1 t o r r  and the  
concent ra t ion  of H 0 was va r i ed  over  a  f a c t o r  of 4, The s tandard  dev ia t ions  2 
of t he  r a t e  cons t an t s  l i e  between 7 and 15% of t he  average, b u t  an o v e r a l l  
accuracy of only + (20 - 30%) is  claimed, The r e a c t i o n s  a r e  descr ibed  i n  
g r e a t e r  d e t a i l  i n  t he  following s e c t i o n s .  
+ An 0 plasma was prepared by adding a  small flow of O2 ( ~ 0 . 0 4 %  of t o t a l  
flow) e i t h e r  be fo re  o r  a f t e r  t h e  i o n i z e r ,  The measured r a t e  cons tan t  was 
found t o  be independent of t h e  p o i n t  of add i t i on .  The major source of 0' i n  
both  cases i s  the  dissocia t ive  charge transfer reac t ion  
-4- 
~ e '  + G2 -+ O + O + H e  
which has a r a t e  cons tan t  of about I x cc / sec .  12,13 
+ The r e a c t i o n  of O with  N20 i s  e x o t h e m i c  only f o r  the charge t r a n s f e r  
channel. 
+ 4- The r e a c t i o n s  of N and N 2  wi th  H20 were s tud ied  s imultaneously i n  a  
plasma produced by t h e  r e a c t i o n  of ~ e '  w i th  N 2  (<l .O% of t o t a l  flow) added 
e i t h e r  be fo re  o r  a f t e r  t h e  i o n i z e r .  
The rate cons t an t s  f o r  t hese  r e a c t i o n s  a r e  about 6 x 10-lo cc / sec  and 4 x 
10-l~ c c l s e c  r e s p e c t i v e l y  + 13'15. The r e a c t i o n  wi th  N was found t o  proceed 
e n t i r e l y  by t h e  charge t r a n s f e r  mechanism 
+ + N + H20 -+ H20 + N AH;98 -1.92 eV. 
The H atom t r a n s f e r  and H- ion  t r a n s f e r  r e a c t i o n s  a r e  both s l i g h t l y  endo- 
+ 
thermic (about  0.04 and 0.09 eV re spec t ive ly )  and t h e  products  NH' and OH 
were n o t  observed. 
There a r e  two p o s s i b l e  channels f o r  t h e  r e a c t i o n  of ~ 2 f  wi th  H 2 0 ,  
+ 
N2 + + H20 -t H20 + N 2  AHZg8 = -2.96 e V ,  and 
+ 4- Both i o n i c  products ,  N2H and H20 , were observed. 
The " t a i l i ng -o f f "  of t he  N; s i g n a l s  a t  l a r g e  concent ra t ions  of H20 and 
long r e a c t i o n  times ( s e e  F ig .  5) can be a t t r i b u t e d  t o  a breakdown of t h e  
assumption t h a t  source terms of t he  parent  ion  a r e  no t  important i n  t h e  reac-  
=I- 
t i o n  zone, In t h i s  case, the source of N2 could be reasonably a t t r i b u t e d  t o  
3 -3.1 3 Penning ionization of  N by He (2 S) whose rate cons tan t  is 7 x LO crn 2 
-3. 16 
s e c  
4- The f a c t  t h a t  N did  n o t  e x h i b i t  the  t a i l i ng -o f f  i n  the  same ex- 
+ periment suppor ts  t h i s  explana t ion ,  since the  formation of N from H e  (2  35) 
and N is  no t  e n e r g e t i c a l l y  poss ib l e .  2 
+ 4- B .  
The r a r e  gas i ons  were formed by d i r e c t  i o n i z a t i o n  i n  t h e  e l e c t r o n  i m -  
pac t  i o n i z e r  and Penning i o n i z a t i o n  by helium metas tab les .  Small flows of 
Ne (0.5 t o  7%), A r  (about LO%), and K r  (0 .5 t o  2%) were added t o  t he  main H e  
flow f o r  p repa ra t ion  of t h e i r  r e spec t ive  plasmas. 
+ The r e a c t i o n  of He wi th  H20 has a  l e a s t  seven p o s s i b l e  channels (not  
cons ider ing  the  formation of products  i n  exc i t ed  s t a t e s ) :  
+ + He + H 0  +H20  + He 2 AH;98 * -11.98 eV 
+ 
-+ HeH + OH -7.77 eV 
-+ OH' + H + He -6.35 eV 
-t H' + OH + He -5.93 eV 
-+ H ~ H '  + H f 0  -3.33 eV 
- + H + + H + O + H ~  -1.49 eV, and 
-+ 0' + 2H + He -1.47 eV. 
F ig .  4 ,  which has been discussed previous ly ,  shows t h a t  t he  main primary products  
f + + '  
produoed i n  t h i s  r e a c t i o n  a r e  H~o', OH , a n d  H~H', and t h a t  H and.,O. a r e  n o t  form- 
ed i n  s i g n i f i c a n t  amounts. A simple computer c a l c a l a t i o n  of t h e  eonsacut ive  re -  
a c t i o n s  inc luding  the disappearance of t h e  primary products  by pro ton  t r ans -  
f e r  wi th  W 0 demonstrated semi-quant i ta t ive  agreement w i th  the  observed mag- 2 
4- 
n i t u d e  of H O as a secondary product.  3 
4- The e n e r g e t i c a l l y  poss ib l e  r e a c t i o n s  f o r  Ne a r e  
-+ H' Jr OH C Ne - 2 , 4 7  eV, and 
Because of l i m i t a t i o n s  on the  a v a i l a b l e  quan t i t y  of Ne, experiments analogous 
+ 
t o  t h a t  of F ig ,  4 were n o t  done. NeH was observed, however, i n  sma l l  con- 
c e n t r a t i o n s  and was r a p i d l y  removed by proton t r a n s f e r  wi th  H20. When the  
concent ra t ion  of H 0 was g r e a t e r  than about 1 .5  x 1012 molecules/cc a t a i l i n g -  2 
off  of t h e  NeC ion  s i g n a l  was observed s i m i l a r  t o  t h a t  prev ious ly  deecl ibed 
-I- f o r  N2 . This can be explained by t h e  r e a c t i o n  
4- 9 He + N e  -+ Ne -I- He, 
-13 i f  i t s  r a t e  cons tan t  i s  n o t  too much below i ts  es t imated  upper l i m i t  of 10 
12  
c c l s e c  . 
+ For A r  t he  only  exothermic r e a c t i o n s  a r e  
4 9 A r  + H20 -+ H 2 0  + A r  AH;g8 =. -3.15 eV, and 
-t A~H'  + OH -0.5 eV 17 
and both product ions were observed. 
-I- The r a t e  cons tan t  determined f o r  KP p e r t a i n s  e n t i r e l y  t o  t h e  charge 
t r a n s f e r  channel 
-I- -I- K C H 0 -+ H20 C K r  2 AH;g8 = -1.40 eV. 
-f- The formation of K r H  by H atom t r a n s f e r  from H20 t o  ~ r '  is endothermic by 
about 1 eV b u t  a smal l  peak a t  mass 85 was observed which can no t  be a t t r i -  
buted t o  a K r  i so tope  and which increased  i n  i n t e n s i t y  a s  smal l  amounts of 
-k 
water were added t o  t h e  K r  plasma. More than 97% of n a t u r a l  KP i s  i n  t he  
f om of 4 i s o t o p e s ,  8 2 ~ r  6 %  8 3 ~ r  ( 1  6 %  8 4 ~ r  (56 .9%) ,  and 8 6 ~ r  
+ ( 1 7 . 4 % ) ,  and the  peak a t  mass 85 probably was 8 4 ~ r ~  formed by a p r o t o n  
+ -+ t r a n s f e r  r e a c t i o n  of R r  wi th  He8 . Measurements of t h e  K r  -M20 charge t r ans -  
f e r  reaction r a t e  cons tan t  were made by monitoring t h e  peak a t  mass 84 where 
4- 8 3 ~ r ~  could i n t e r f e r e  and a t  mass 86 where t h e r e  can be  no in te r fe rence .  
Agreement t o  w i t h i n  the  repor ted  s tandard  dev ia t ion  was obtained and the  va lue  
r epo r t ed  is an average of both k inds  of da t a .  
V. Discussion 
There is  a dea r th  of experimental  measurements of r a t e  cons t an t s  of ion- 
H 0 r e a c t i o n s  a t  thermal energ ies .  The r e a c t i o n s  2 
f N: + H20 -+ H20 f N 2 ,  and 
have been s tud ied  i n  a  corona d ischarge  by shahin18 who repor ted  r a t e  con- 
s t a n t s  of 9.5 x lo-'' and 9.5 x 10-lo cc / sec  r e spec t ive ly .  These a r e  t o  be  
compared wi th  a  t o t a l  r a t e  cons tan t  measured h e r e  of 2.19 x cc /sec .  I n  
t h e  corona discharge,  Shahin es t imated  t h a t  t h e  ions  could have energ ies  up 
t o  about 0.6 eV. 
There i s  some evidence t h a t  t h e  c ros s  s e c t i o n  of such r e a c t i o n s  has an 
-0.5 - 1 
energy dependence which l i e s  between E and E and t h a t  t h e  rate cons tan t  
would t h e r e f o r e  e x h i b i t  a  smal l  nega t ive  energy dependence which would b r i n g  
Shahin 's  and our  d a t a  i n t o  q u a l i t a t i v e  agreement. It i s  d i s t u r b i n g ,  however, 
t h a t  Shahin r e p o r t s  charge t r a n s f e r  t o  account f o r  only 10% of t h e  t o t a l  r e -  
a c t i o n ,  because t h i s  would r e q u i r e  t h a t  charge t r a n s f e r  be more than  10 times 
+ C f a s t e r  f o r  0 and Nf (where i t  is t h e  only a v a i l a b l e  channel) , than f o r  N 2  , 
even though the t h r ee  o v e r a l l  r a t e  cons tan ts  a r e  of very s i m i l a r  magnitude. 
The alternate explanation t h a t  charge transfer and atom t r a n s f e r  have very 
d i f f e r en t  energy dependences seems un l ike ly  in view of Turner and Ruther- 
-i- f ord 's19 beam experiments.  These authors s rudied  charge t r a n s f e r  of N , 0', 
+ + N2 , and Ar with  N O over t he  energy range l , 5  t o  400 eV and repor ted  cross 2 
2 
s e c t i o n s  of 15, 20,  50, and 2 5 1  , respect ively  f o r  t he  f o u r  r e a c t i o n s  a t  2.0 
eV ion  energy. A l l  f ou r  r e a c t i o n s  show a negat ive  energy dependence a t  t he  
low energy end of t h e  range,  and i f  an E -'I2 ex t r apo la t ion  is  assumed f o r  t h e  
c r o s s  s e c t i o n s  below 2 eV, energy-independent r a t e  cons t an t s  of 0.7,  1 .0,  
3 1.9,  and 0.8 x cm / sec  a r e  obtained,  i n  good agreement wi th  t h e  p re sen t  
r e s u l t s  f o r  N; and A,+, where atom-transfer  channels a l s o  c o n t r i b u t e  i n  our  
experiments ,  but  s u b s t a n t i a l l y  too low f o r  N' and 0'. A somewhat s t r o n g e r  
nega t ive  energy dependence which is  suggested by Dugan and ~ a ~ e e ? '  and by 
Dugan*' would f u r t h e r  i n c r e a s e  t h e  ex t r apo la t ed  r a t e  cons tan ts  and l e a d  t o  
gene ra l ly  f a i r  agreement w i th  t h e  p re sen t  r e s u l t s ,  b u t  no t  wi th  Shahin 's  
va lue  f a r  t h e  N + charge t r a n s f e r  r a t e  cons tan t .  2 
Other r e l evan t  experimental  s t u d i e s  inc lude  Stockdale ,  Compton, and 
~ e i n h a r d t ' s ~ ~  r ecen t  measurements of t he  H- + H 0 and D- + D 0 pro ton  o r  2  2 
deuteron t r a n s f e r  r e a c t i o n  a t  i on  energ ies  of thermal t o  3.6 eV which show 
- 1 
a negat ive  energy dependence of about E f o r  t h e  c ros s  s e c t i o n ,  b u t  exceed 
i n  magnitude Dugan' s2' ca l cu la t ed  c r o s s  s e c t i o n  which i s  discussed below. 
A g r e a t  d e a l  of experimental  work has  been done on t h e  proton t r a n s f e r  r e -  
-i- C 
a c t i o n s  H 0  C H 0 and OH + H20 mentioned e a r l i e r  whose r a t e  cons t an t s  a r e  2 2 
3 between 1 .5  and 2 . 0  x cm / see .  
For a comparison wi th  s imple c l a s s i c a l  t h e o r i e s ,  one may begin wi th  
t h e  Langevin ion-induced d i p o l e  i n t e r a c t i o n  which l eads  t o  t he  well-known 
energy-independent r a t e  cons tan t  23  2 
"L = 28 (e  ci/m)1'29 where a i s  the  
p o l a r i z a b i l i t y  of t he  n e u t r a l  r e a c t a n t  and m t h e  reduced mass of t h e  en- 
counter .  Calcu la ted  va lues  of ItL, wklica.1 d i f f e r  only i n  a, are shwn  i n  co l -  
umn 4 of Table 1, I f  an ion-pe-irmanent d ipo le  i n t e r a c t i o n  i s  added t o  the 
Langevin t e r m  and the  d i p o l e  is a s s m e d  t o  remain "L~cked" hint0 i ts lowesl; 
energy o r i e n t a t i o n ,  a r a t e  cons t an t ,  $, is o b e a i n e d l ' ~ ~ ~  l a r g e r  than kL by 
2 11 l/ 2 t h e  term 2ev (-1 where u i s  t h e  permanent d ipo le  moment. Calculated 
mkT 
3 
va lues  of $ a r e  shown i n  column 5 of Table I (u - 1 .44  x cm , ii = 
+ 1.85 Debye) . Except f o r  ~ e '  and He , where t h e  exo thermic i  t y  is  very l a r g e  
and where t h e  c l a s s i c a l  approximation is  l i k e l y  t o  break down, kL underes t i -  
mates t h e  r a t e  cons tan t  by a  f a c t o r  of about two, and % overes t imates  i t  
about t h r e e f o l d .  Since $ is  an upper l i m i t ,  i . e .  t h e  d i p o l e  can n o t  be 
expected t o  remain a l igned  during t h e  c o l l i s i o n ,  t he  measured k t s  a r e  q u i t e  
+ 
reasonable .  For N', o', and N 2  , t he  r e l a t i v e  magnitudes c l o s e l y  fo l low t h e  
s imple m -'I2 dependence, though t h i s  agreement may be f o r t u i t o u s  . 
Fur ther  comparison can be  made wi th  Dugan and ~ a ~ e e ' s ~ '  c l a s s i c a l  tra- 
j e c t o r y  c a l c u l a t i o n s  of ion  + HC1 encounters  where t h e  r e a c t i o n  p r o b a b i l i t y  
is  obtained as t h e  f r a c t i o n  of c o l l i s i o n  t r a j e c t o r i e s  f o r  which ion  and 
0 
molecule approach t o  w i th in  2A. The ca l cu la t ed  c ros s  s e c t i o n  was found t o  
be 30% l a r g e r  than t h e  L'angeviri c r o s s  s e c t i o n  f o r  H C 1  and t o  be about  l i n e a r  
i n  u ,  based on c a l c u l a t i o n s  f o r  CH C N ~ ~ .  Applying t h i s  c o r r e c t i o n  one would 3 
expect  t he  B 0 r e a c t i o n  t o  be about twice a s  f a s t  a s  k i n  good q u a l i t a t i v e  2 L ' 
agreement wi th  experiment. 
I n  connection wi th  t h e  l abo ra to ry  s t u d i e s  of t he  H- + H20 r e a c t i o n  
O 2 Ilugan2' has  ca l cu la t ed  a cross  s e c t i o n  of l l O A  f o r  an H- energy of 0.2 eV 
and thermal  r o t a t i o n a l  and v i b r a t i o n a l  energy of H20. Using h i s  c a l c u l a t e d  
dependence of E f ~ r  the  c ros s  s e c t i o n  one ob ta ins  a  r a t e  cons tan t  of 
a 9 x 1 . 0 ~ ~  ern /set a t  300°K and, by the  usua l  m c o r r e c t i o n ,  3 . 2 ,  3 .0 ,  and 
3 4- 4- f 2.6 x c m  / sec  f o r  the N , O , and N2 reactions, i n  very good agreement 
w i t h  our experimental r e s u l t s .  
-4. The rare gas ion  sequence 1s dominated by the large deviations of H e  
+ 
and N e  from simple s l a s s l c a l  behavior ,  similar t o  t h e i r  abnormally slow re- 
4- C 
a c t i o n s  wi th  some non-polar Ar and K r  a r e  only moderately 
below t h e i r  ca l cu la t ed  c l a s s i c a l  r a t e  cons t an t s  and apparent ly  fo l low the 
expected mass dependence. 
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Table I, Rate Constants, 
Number of 
React lion 
(a )  These are t h e o r e t i c a l  r a t e  cons t an t s  def ined i n  t h e  t e x t .  
(b) The l i m i t s  r ep re sen t  one s tandard  dev ia t ion  from t h e  mean, 

+ Figure  6" A r  cu r ren t  -us, pos f t fon  05 movable f n j ee t s r  a t  eonstan: 8-0 flow. 
5 - k, (PHe - .57 tors, PAr = -04 torr, P = 4 . 3  x 1 0 -  t o r r ,  v = 6 . 1 ~  
~~ 'cn l / sec)  a 
=k F i g u r e  3. A current  vs R+3 addition with z = 10 cm. (PHe = .30 c0"' 
3 
' ~ r  
= -05 torr, G = 7 .9  x LO cm/sec,) 
F i g u r e  4, Ion cur rents  vs. p o s i t i o n  sf movable in jec tor ,  (PHe = "35  t o r r ,  
= 1.8 x 10-5 t o r r ,  = 9.6  x 10~cm/sec) .
F~ * + psgure 5, N2 current vs. p o s i t i ~ n  of nsvabhe i n j e c t o r ,  = - 4 4  t o r r ,  
= $004 t a r r ,  P = 2.0 x 10-5 t o r r ,  $ = 20 
